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A fast method to detect and sequence photomodified oligodeoxynucleotides (ODNs) by
exonuclease digestion and matrix-assisted laser desorption/ionization (MALDI) mass spec-
trometry (MS) is reported. Upon treatment of modified ODNs with both phosphodiesterase I
and phosphodiesterase II, the digestion stops at the sites of photomodification. Post-source
decay (PSD) of MALDI-produced ions from two enzymatic digestion end products distin-
guishes isomers such as 59-d(T[cis-syn]TAAGC) and 59-d(CGAAT[cis-syn]T), which have
symmetrical or identical compositions at the 39 and 59 ends, respectively. Studies have also
been done to follow the kinetics for enzyme degradation of photomodified ODNs. The
calculated rate constants from a mathematical treatment of the time-dependent MALDI data
clearly show that the enzymatic digestion rate slows as the enzyme approaches the modified
site. (J Am Soc Mass Spectrom 2001, 12, 1127–1135) © 2001 American Society for Mass
Spectrometry
The direct tumorigenic effects of UV radiation arewell known [1–5]. Although the absorption max-imum of DNA is around 260 nm, it also absorbs
UV light in the 290–320 nm wavelength regions (UVB
light). Because sunlight at sea level is composed of these
wavelengths, absorption of UVB light can induce ery-
thema, premature aging, and skin cancer [1, 4, 6–8].
Among the types of UV-induced DNA damage, cy-
clobutane-dimer (CBD) photoproducts are the most
abundant [4, 6]. Most cyclobutane dimers form between
adjacent pyrimidines on the same DNA strand by
means of [2 1 2] photochemical cycloadditions. These
reactions lead to four stereoisomers in ODNs, although
only the cis-syn (I) and trans-syn (I) isomers have been
well characterized in photodamaged DNA (Scheme 1)
[1, 2, 7, 9].
Various methods have been developed to detect
DNA photoadducts. One of the most effective ap-
proaches, ligation-mediated polymerase chain reaction
(LMPCR), followed by gel electrophoresis [10, 11], is a
single-sided PCR method to amplify exponentially and
detect gene-specific DNA fragments in genomic DNA
[10–12]. The gel electrophoresis which follows the PCR
has limitations, however, because its ability to measure
mass is low and the gel casting is time-consuming.
Another widely used method to characterize DNA
photoadducts is high-performance liquid chromatogra-
phy (HPLC) [13], which is limited by low sensitivity
and low structure information when UV-Vis spectro-
metry is used as the detector.
The inventions of MALDI and electrospray ioniza-
tion (ESI) provide an alternative to determine rapidly
the sequence of DNA [14–16]. Recently, Cadet and
coworkers developed an online LC-ESI/MS/MS
method for detection of CBD photoproducts generated
from UVB irradiated thymidine [17]. In early work, we
reported that high-energy, collision-induced dissocia-
tion (CID) of ions produced by fast atom bombardment
(FAB) locates the site of modification in a series of
T-rich, photoproduct-containing hexadeoxynucleotides
[18]. The sample requirements for such experiments
were in the low-nanomole range. More recently, we
demonstrated that low-energy CID of ESI-produced
ions and post-source decay (PSD) of MALDI-produced
ions are successful strategies to sequence low picomole
quantities of various mixed-base photoproduct-contain-
ing hexa- and octadeoxynucleotides [19]. For larger
ODNs (MW . 3000), however, low-energy collisional
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activation does not reveal the complete sequence. Thus,
there is a need for developing alternative methods.
Sequencing ODNs by MS analysis of their enzymatic
digestion products is one alternative to MS/MS [14, 15].
Either 39- or 59-specific exonucleases degrade the ODN
to provide a mixture for MS analysis. The sequence can
be read directly from the complementary ladder spectra
of products from both digestions. This indirect, single-
stranded ODN sequencing method was first reported
by Pieles et al. [20], and further developed by others to
determine both normal and modified ODNs [14, 16,
21–33]. More recently, Cowan and coworkers [34] de-
scribed a similar approach, which used exonuclease III,
to sequence double-stranded ODNs that have up to 30
bases. MALDI is more widely used than ESI for such
analyses because it offers a much broader mass range
and a simpler mass spectrum, which is comprised of
singly charged ions. The amount consumed in these
studies is in the upper picomole levels.
The purpose of this study is to develop a fast mass
spectrometric method to detect and sequence photo-
product-containing ODNs by using exonuclease diges-
tion and MALDI MS. This approach, when augmented
with MALDI PSD or CID experiments on the enzymatic
digestion end products, may be efficacious for distin-
guishing isomers such as 59-d(T[cis-syn]TAAGC) and
59-d(CGAAT[cis-syn]T). Furthermore, we wished to ap-
ply a kinetic method to follow the enzymatic digestion
and to demonstrate that the method is appropriate for
obtaining rate constants for the enzyme digestion steps.
We will build on our recent demonstrations that
MALDI is appropriate for following the kinetics of both
snake venom phosphodiesterase (SVP) and bovine
spleen phosphodiesterase (BSP) digestions of ODNs
containing abasic sites [35] and that the comatrix of
anthranilic acid and nicotinic acid, which, when used in
combination with the ladder method, gives the com-
plete sequence of tens of picomoles of ODNs [16]. We
are developing the method for studying damage in
model ODNs and in systems where a modified ODN
could be inserted into DNA and later removed for
analysis. The application to damaged DNA itself is
uncertain at this time.
Materials and Methods
Materials
Water was pretreated with a Milli-Q (Millipore, Bed-
ford, MA) ultrapure water filtration system before its
use as a solvent. The anthranilic acid and nicotinic acid
were obtained from Aldrich Chemical Co. (Milwaukee,
WI). Both acids were purified by recrystallization from
water. Decolorizing charcoal was used to remove im-
purities during the recrystallization. Cation exchange
beads in the NH4
1 form were prepared from chroma-
tography beads (AG50W-X8, 100–200 mesh, Bio-Ad,
Melville, NY) in the H1 form according to a literature
procedure [36].
The ODNs used as internal standards (d(T5), d(T10),
d(T18)) were synthesized at the Nucleic Acid Chemistry
Laboratory, Washington University School of Medicine.
SVP was purchased from Pharmacia Biotech (Piscat-
away, NJ), and BSP was obtained from Sigma Chemical
Co. (St. Louis, MO).
Photoproduct-containing ODNs. Cis-syn I, trans-syn I, and
trans-syn II phosphoramidite building blocks (Scheme 1)
were synthesized following a general literature proce-
dure [9, 37]. The photoproduct-containing ODNs were
synthesized from the building blocks on an ABI 380B
synthesizer (Applied Biosystems, Foster City, CA) by
standard phosphoramidite chemistry on a controlled-
pore glass (CPG), solid-phase support. The coupling
times for normal bases and modified base were 150 s
and 1 h, respectively. The yield for the thymidine dimer
coupling step was determined to be approximately
50%. Incorporation of the photomodification was fol-
lowed by successive coupling of the remaining bases in
the sequence to complete the synthesis in approxi-
mately 40% overall yield. The ODN was cleaved from
the support with concentrated ammonium hydroxide
for 1 h (4 3 15 min) and fully deprotected with fresh
concentrated ammonium hydroxide at 55 °C in a sealed
tube for 8 h. The sample was dried in a Speed-Vac
(Savant Instruments, Farmingdale, NY), dissolved in
water, and filtered through a nylon filter. The ODNs
were purified by anion exchange chromatography on a
Nucleogen DEAE 60-7 column (The Nest Group, South-
borough, MA). A gradient of buffer A (20% acetoni-
trile/20 mM KH2PO4/K2HPO4, pH 7) for 10 min, 100%
buffer A to 50% buffer A for 50 min, and 50% buffer A
to 100% buffer B (1 M KCl/20% acetonitrile/20 mM
KH2PO4/K2HPO4, pH 7) for 10 min. The desired ODNs
eluted at approximately 60 min at a flow rate of 1.0
mL/min. The combined HPLC fractions were dried in a
Speed-Vac and were desalted on a semipreparative RP
Scheme 1. Structures of cyclobutane dimers. The distinction
between the two isomers becomes real in chiral DNA.
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C-18 Dynamax column (5-mm particle size, 10 mm i.d.,
250 mm length), utilizing a gradient of 100% buffer A
(0.1 M TEAA, pH 6.8) to 20% buffer B (30% acetonitrile/
0.07 M TEAA, pH 6.8) for 5 min, 20% buffer B to 40%
buffer B for 40 min, and 40% buffer B to 100% buffer A
for 5 min with detection at 260 nm.
The structures of all the ODNs in Table 1 were
verified by 1D 1H-NMR on a Varian XR-500 (Palo Alto,
CA) instrument. The 1H-NMR showed that two H6
peaks in the aromatic region of the modified ODN
containing cyclobutane dimers shifted compared to that
of the undamaged one, indicating the presence of CBD.
The spectra of the dimer-containing ODNs were then
compared to spectra of samples which were prepared
from diastereomerically pure building blocks [9, 37].
Instrumentation
MALDI-TOF spectra were acquired on a Voyager-DE
RP (PerSeptive Biosystems, Framingham, MA) mass
spectrometer equipped with a 337-nm nitrogen laser.
The mass spectra were obtained in the negative-ion
mode at an accelerating voltage of 25 kV. ODN molec-
ular weight determination required approximately 40
laser shots, whereas 60–100 shots were summed when
ODN digests were analyzed. MALDI PSD spectra were
obtained using a higher laser power, and data from
100–200 laser shots were accumulated.
MALDI Sample Preparation
The MALDI matrix was prepared by dissolving nico-
tinic acid, anthranilic acid, and ammonium citrate at
molar ratios of 2:1:0.003 in acetonitrile/water (2:1, v:v)
[16]. Samples were prepared by mixing 1 mL of analyte
and 2 mL of matrix solution on the MALDI plate and
air-drying. Solutions of 0.2 mL of 1 mM d(T5), d(T10),
d(T18) or d(T20) were used as external references to
calibrate the m/z scale of the mass spectrometer. For
MALDI PSD experiments, 4-hydroxy-3-methoxy cin-
namic acid (saturated in acetonitrile/water, 2:1, v:v)
was used as matrix.
Enzymatic Digestion
A 1 mL aliquot of the sample containing 10 pmol of
ODNs (Table 1), was used in both SVP and BSP
digestion experiments. For the SVP digestion, 1.0–2.0
mL of SVP solution (1 3 1022 units/mL) was added to 1
mL of the ODN solution (10 pmol/mL), 6 mL of 100 mM
ammonium citrate (pH was adjusted to 9.4 with
NH4OH) and 6 mL of H2O. For the BSP digestion, 0.5–1
mL BSP (1 3 1022 units/mL) solution and 7 mL of H2O
were added to 1 mL of the ODN solution (units defined
by vendor).
For the time-dependent studies, the digest solution
was maintained at 37 °C for the SVP digestion and kept
at room temperature for the BSP digestion. A 0.5 mL
aliquot of the digest solution was removed every 1 min
during the first 10 min, and every 5 min thereafter over
a total digestion period of 20 min. The sample was held
on dry ice for 5 s to quench the reaction, mixed with 1.0
mL of the matrix solution, immediately spotted on the
MALDI plate, and air-dried for analysis. An extra 0.4
mL of the matrix solution was used when a lower
detection limit was needed.
Analysis of the Kinetic Data
The mathematical analysis used to process the time-
dependent MALDI mass spectra is identical to that we
reported earlier [35]. The first step was to normalize the
intensities at each time point so that their sum was
equal to one. The next step was to execute a loop to
minimize the error between the time trajectory of a
postulated model system and the normalized intensi-
ties. The third step was to integrate the system with
solution rate constants (k) to obtain intensities as a
function of time for checking the reasonableness of the
fit. The search was implemented with the “Minimize”
function in Mathcad 8 Professional [38] (MathSoft, Inc.,
Cambridge, MA), which postulates the rate constants
for each trial of the search. The rate constants were
constrained to be non-negative. All of the algebraic
details of the above process were handled in the Math-
cad spreadsheet.
Results and Discussion
Sequence and Location of the CBD Modified Sites
in ODNs
The subjects of this research are model photoproduct-
containing ODNs, which are important in skin cancer
research. Although the structures of many DNA pho-
toproducts are known, their lethality, mutagenicity and
mutation spectra are not [1, 2, 37]. Most light-induced
mutagenesis studies make use of high molecular weight
DNA. Directly photolyzed DNA contains a multitude of
photoproducts at a multitude of sites, making elucida-
tion of precise photoproduct structure–activity relation-
ships almost impossible. Thus, a building block ap-
Table 1. Sequences of ODNs used in this study
Oligo
code name Sequencea
10T5CS 59-d(CGA AT[cis-syn]T AAG C)
12AT6CS 59-d(TGA CGT[cis-syn]TGC AGA)
12BT6CS 59-d(GAG TAT[cis-syn]TAT GAG)
12BT6TSI 59-d(GAG TAT[trans-syn (I)]TAT GAG)
12BT6TSII 59-d(GAG TAT[trans-syn (II)]TAT GAG)
13T7CS 59-d(TAG ACG T[cis-syn]TG CAG A)
14T7CS 59-d(TAG ACG T[cis-syn]TG CAG TA)
14T7 59-d(TAG ACG TTG CAG TA)
a All cis-syn isomers are cis-syn I.
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proach, in which site-specific modified ODNs are
synthesized, has been developed in Taylor’s laboratory
to solve this problem [7, 9, 37, 39, 40]. Availability of
these probes facilitates in vitro mutation studies.
To assist this and related research, we have been
developing mass spectrometric methods for locating
photo-damaged sites in ODNs prepared by chemical
systhesis or produced by photochemical damage. In
earlier studies, we successfully sequenced mixed-base
photodamaged hexa- and octadeoxynucleotides by us-
ing low-energy CID of ESI-produced ions and PSD of
MALDI-produced ions [19]. Because sequencing larger
ODNs (m/z . 3000) at low pmol levels is difficult with
an ion trap or by MALDI PSD, we modified that
approach by digesting the modified ODN with an
endonuclease to release a trinucleotide triphosphate
that is readily determined by tandem mass spectro-
metry [41]. In the present work, we focus on using
exonucleases to investigate a series of model photo-
product-containing ODNs (Table 1) that bear either
cis-syn or trans-syn CBD-modified lesions in the oligo
sequence.
The modified ODNs (Table 1) are pure according to
both MALDI MS and NMR. MALDI in the negative-ion
mode gave the molecular weights, which were within 1
Da of the theoretical values when a mass resolving
power of approximately 800 full width at half maxi-
mum (fwhm) could be achieved. Although we observed
neither impurities nor fragments throughout the low
mass range of the mass spectra, we cannot prove that
the ODN was damaged because it is an isomer of the
starting material. The NMR spectra of these photoprod-
uct-containing ODNs, however, are clearly distinctive
and convince us that we had an ODN containing a CBT
dimer (spectra not shown here).
Most mutations or base substitutions in modified or
mutant ODNs can be detected directly by molecular
weight analysis. For example, a single base substitution
in a 69-base PCR product is detectable by MALDI MS
[42]. In the case of many photomodifications, however,
a direct molecular weight determination cannot be used
to detect the modification because the precursor ODN
and the product are isomers. Therefore, we need to
augment the molecular mass measurement with a step
that has location or structure specificity. The present
approach is based on exonuclease digestion to deter-
mine both the sequence and location of the modifica-
tion. In a recent study [35], we observed that the
exonuclease digestion rate, with either SVP or BSP,
slows as the digestion approaches modified (abasic)
sites in a series of modified ODNs. Therefore, we
wished to test whether CBD-modified sites in ODNs
also alter the efficiency of either SVP or BSP in hydro-
lyzing the modified ODNs.
We carried out both SVP and BSP digestions of the
unmodified ODN 14T7 as controls (Table 1). As ex-
pected, the 14T7 (10 pmol) underwent hydrolysis by
both SVP (10 3 1023 units) and BSP (5 3 1023 units) to
the last three or four bases within 10 min (spectra not
shown). For the SVP digestion, the first six nucleobases
from the 39 side were revealed after 1 min. After 5 min,
the SVP reached position 11 from the 39 side, and
nucleobases at positions 6–11 were observed. We ob-
tained similar results for the partial digest of 14T7 with
BSP. The BSP reached the nucleotide located at position
10 from the 59 side after a 5-min digestion. The resulting
MALDI ladder spectra from SVP and BSP reactions are
complementary because the enzymes digest an ODN
from opposite ends. The mass spectrometric analyis of
the digestion products reveals the complete sequence of
14T7. The accuracy of the mass differences between
adjacent ladder ODNs is 60.5 Da, allowing an unam-
biguous nucleotide assignment.
To locate the position of the CBD-modified site, we
submitted a modified 14-mer, 59-d(TAGACGT[cis-syn]
TGCAGTA), to SVP digestion under the same reaction
conditions as used for hydrolysis of 14T7. The time-
dependent mass spectra (Figure 1) show that the SVP
digestion of 14T7CS is similar to that of the 14T7 for the
first minute, allowing identification of the first five
nucleobases from the 39 side (Figure 1a). The SVP
digestion rate, however, slowed as the digestion ap-
proached the CBD-modified site (Figure 1b). After 6
min of digestion, peak 7 (m/z 2424) had the highest
intensity among the others, and no product ions ap-
peared at lower m/z (1000–2424). Moreover, the diges-
tion could not pass the CBD-modified site even after we
Figure 1. Time-dependent MALDI mass spectra of the SVP
digestion products of 14T7CS-I (Table 1).
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treated the 14T7CS for as long as 20 min (Figure 1c).
Similar results were obtained for the other modified
ODNs listed in Table 1.
We also evaluated the BSP digestion of the modified
ODNs in Table 1 to demonstrate that a similar proce-
dure was capable of identifying the CBD-modified sites.
The first six nucleotides of 14T7CS were released within
5 min (Figure 2b), but the digestion could not pass the
CBD-modified site (Figure 2c). The BSP digestion of
other model ODNs (Table 1), which bear either cis-syn
(10T5CS, 12AT6CS, 13T7CS) or trans,syn (12BT6TSI,
12BT6TSII) CBD, also stopped at the sites of modifica-
tion.
Generally, the exonuclease activities of both SVP and
BSP are strongly decreased as the digestion approaches
the CBD sites. The rate retardation permits unambigu-
ous location of the AP sites in the strands. Moreover, by
using the two complementary enzymes coupled with
the MALDI spectral information, the full sequence of
the modified ODNs becomes apparent.
Previously, Paterson and co-workers [43, 44] sepa-
rated two UV-modified (dT)3 photoproducts, namely,
d(T[p]TT) and d(TT[p]T) by HPLC. They submitted
both photoproducts (1.5 nmol) to SVP digestion and
determined the hydrolysates by HPLC. They found that
the SVP hydrolyzed only the 3-phosphodiester group in
d(T[p]TT), but was totally inactive toward the
d(TT[p]T). Our results are in agreement with their
observations. Moreover, the ability to detect CBD sites
in larger ODNs at low levels (10 pmol) within short
periods (5–7 min) suggest that MALDI MS is a better
choice than HPLC for analysis of photoproduct-contain-
ing ODNs. The limitation of the method is that it does
not reveal the nature of the ODN damage; this can be
done with the method described in reference [41].
MALDI PSD of the Digestion End Products
59-d(CGAAT[cis-syn]T) and 59-d(T[cis-syn]TAAGC. The
SVP and BSP digestion of 10T5CS (Table 1) gave a pair
of isomeric ODNs, 59-d(CGAAT[cis-syn]T) and
59-d(T[cis-syn]TAAGC), respectively. The PSD of the
[M 2 H] anions of the two isomeric products are
significantly different (Figure 3). The major fragment
ions formed in the decomposition of the SVP digestion
end product are wn (n 5 2 to 5) (Figure 3a), presumably
because the modification is at the 39 end. The a4, [a4 2
Ade] and [M 2 Cyt] anions (where Ade is adenine and
Cyt is cytosine) are also seen in the spectrum, however,
at lower abundance. The most abundant fragment ions
from the end product in the BSP digestion are [a5 2
Gua] (where Gua is guanine) and [M 2 Cyt] anions. In
addition to these two ions, the w2, w3, a4, [a4 2 Ade]
2,
a5, and d5 are formed (Figure 3b).
The product ions that best distinguish the two iso-
Figure 2. Time-dependent MALDI mass spectra of the BSP
digestion products of 14T7CS-I (Table 1).
Figure 3. Comparison of MALDI PSD spectra for the structural
isomers: (a) 59-d(CGAAT[cis-syn]T) and (b) 59-d(T[cis-syn]TA-
AGC).
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meric ODNs are w4 and [a5 2 base]
2. The 59-d(CGAAT-
[cis-syn]T) fragments to a characteristic w4 (Figure 3a),
whereas, 59-d(T[cis-syn]TAAGC) gives an [a5 2 Gua]
2
as the dominant fragment, but no detectable w4 is
observed (Figure 3b).
These observations are in accord with the fragmen-
tation chemistry [18, 19] and the mechanisms for nor-
mal ODNs that we recently proposed [45–47]. Accord-
ing to the mechanism, the first step for formation of the
w4 from 59-d(CGAAT[cis-syn]T) is the transfer of an
acidic proton from the neighboring phosphodiester
group to the guanine, followed by the base loss. The w4
is then formed by the cleavage of the 39 C™O bond. For
59-d(T[cis-syn]TAAGC), a proton transfer to thymine
from the phosphodiester group is the required first step
to produce the w4. This proton transfer, however, is
disfavored because of the low proton affinity of thy-
mine, and no w4 is seen in Figure 3b.
A similar mechanism applies for the generation of
the [a5 2 Gua] anion from the BSP digestion end
product, 59-d(T[cis-syn]TAAGC) (Scheme 2). Proton
transfer to the guanine, owing to its high proton affin-
ity, again promotes the fragmentation. After expulsion
of guanine, the digestion end product decomposes to
give the [a5 2 Gua] anion (Scheme 2). Both low proton
affinity of thymine and the presence of the CBT linkage
prevents a similar mechanism from occurring to gener-
ate the [a5 2 Thy] anion from 59-d(CGAAT[cis-syn
.]T), and this ion is not seen in Figure 3a.
59-d(TGACGT[cis-syn]T) and 59-d(T[cis-syn]TGCAGA. The
SVP and BSP digestion of 12AT6CS (Table 1) gave
59-d(TGACGT[cis-syn]T) and 59-d(T[cis-syn]TGCAGA],
respectively, two CBT-containing ODNs that are not
isomers. Nevertheless, we wish to compare their pro-
duct–ion spectra to test the consistency of the mecha-
nism we proposed for the 10T5CS (Scheme 2). The
fragment ions from end products formed in the SVP
and BSP digestions of 12AT6CS are mainly w and [a 2
base]2 (Figure 4). The major difference in the product–
ion spectra of the two CBD-containing ODNs is again
the w5 and [a6 2 base] ions generated at the CBD
modification sites. PSD of 59-d(TGACGT[cis-syn]T)
gave an abundant w5, whereas, no [a6 2 Thy] anion.
The 59-d(T[cis-syn]TGCAGA], produces an abundant
[a6 2 Gua] anion, but no w5. These results are consistent
with the mechanisms proposed in Scheme 2.
The product ions from the two digestion end prod-
ucts are different. For the SVP digestion end product
containing the CBT linkage at the 39 end, the formation
of wn from the 59 end is prevented. On the other hand,
for the BSP digestion end product, the formation of [an
2 base] from the 39 end is forbidden. These fragment
ions are consistent with those which would be seen for
an unmodified ODN of the same sequence.
Kinetic Analysis of the SVP and BSP Digestions
of Oligodexoynucleotides Containing
Photoproducts
In a previous article [35], we demonstrated that the data
generated by a MALDI ladder method could be used to
obtain rate constants for the SVP- and BSP-catalyzed
consecutive reactions. The kinetic parameters of the
enzymatic digestion were calculated by using a consec-
utive reaction model and computer curve fitting [35,
48–54]. We wish to apply that method to recover the
rate constants for the enzyme digestion of the CBD-
modified ODNs.
The outcome of the kinetic method for 14T7 and
14T7CS is four series of rate constants for SVP- and
BSP-catalyzed cleavage at each nucleotide (Table 2). In
general, the reactivity of SVP- and BSP depends on the
Scheme 2. Fragmentation mechanism for the formation of [a5 2
Gua]2 in Figure 3b.
Figure 4. Comparison of MALDI PSD spectra for: (a) 59-
d(TGACGT[cis-syn]T) and (b) 59-d(T[cis-syn]TGCAGA).
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nucleobase at the cleavage site and its location in the
ODN. For the SVP digestion of 14T7, the rate constant
for hydrolysis of T (k1 5 3.5 min
21) at the second
position from the 39 end is approximately two times
greater than that of the T at the seventh position (k6 5
1.8 min21). Moreover, the rate constant for hydrolysis of
G (k8 5 0.7 min
21) at the ninth position from the 39 end
is more than four times smaller than that of G at the
third position (k2 5 3.1 min
21). This is also true for the
SVP hydrolysis of A or C at different sites in the ODN
sequence. Similar results were also obtained for the BSP
digestion. This site specificity may reflect the influence
of primary and/or secondary structure on the digestion
rate [55].
We also applied the mathematical curve fitting for
14T7CS (Table 1) and found that the digestion rate
becomes undetectably slow at the CBT sites. This means
that the sites of modification can be confirmed from the
fitted rate curves for either the SVP or the BSP digestion
of 14T7CS (data not shown).
The main outcome of the method, however, is to
provide data showing that an ODN is modified and
giving the location of the damaged site. Generally, the
rate constants for the SVP digestion of the modified
ODN (14T7CS) are smaller than those for digestion of
the unmodified 14T7 (Table 2). Interestingly, the BSP
hydrolyzes the first three bases from the 59 end of the
modified ODN (14T7CS) faster than those of the 14T7
(Table 2). The rate constant, however, becomes signifi-
cantly smaller for hydrolysis of the three nucleotides
before the CBD site, and then becomes undetectably
small for hydrolysis at the modification site. This reduc-
tion in rate constants shows immediately that we are
dealing with a modified ODN, and the dramatic de-
crease in the rate constant reveals the site of the
modification.
Conclusions
Both SVP and BSP digestions combined with MALDI
MS are the basis of a sensitive and straightforward
method for the positional mapping of ODNs containing
CBD-modified sites. The amount of material required is
10 pmol. The MALDI PSD of the end products of
digestion not only provides more evidence for the
existence of CBD modification but also is consistent
with the fragmentation mechanisms we recently pro-
posed for ODNs. The initial steps are intramolecular
base protonation and elimination.
The time-dependent MALDI mass spectra are suit-
able for use in a kinetic method to obtain rate curves
and rate constants for the digestion of photoproduct-
containing ODNs. The exonuclease digestion rate, with
either SVP or BSP, clearly slows down as the digestion
approaches the CBD-modified sites and stops at the
nucleotide bearing the CBD. We do not understand the
mechanism underlying these rate perturbations, but
from a practical point of view, the kinetic method does
provide guidance in the design and optimization of the
MS ladder method for the detection of modified ODNs
in other biological systems.
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